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Introduction cruciferin and oleosins was maintained and the activit-
After fertilization, the ovule of higher plants develops ies of isocitrate lyase and malate synthase increased.
into a seed. During seed development there are three Thus, both developmental and germinative/postmajor events: morphogenesis, maturation and desiccation germinative events coexisted within the same PG (Bewley and Black, 1994) . Storage reserves are syntheseeds. Drying of the seeds resulted in the developsized during maturation, and deposited within storage mental events being switched off and germinative/ organs. Desiccation, the final stage of maturation, is a post-germinative ones being initiated. Only about 18%
'switch' from development to germination and, usually, of the seeds of the PG line completed germination in orthodox seeds germinate upon subsequent imbibition the siliquae, so the potential for germination of the ( Kermode, 1990; West and Harada, 1993) . However, in remaining non-germinating seeds was tested during some species, developing seeds isolated from their fruits, their development. Isolation of these developing seeds or developing embryos dissected from their seeds, can from the siliquae and imbibition in water induced PG, germinate precociously if they are imbibed in water or but developmental events were terminated and the placed in culture medium, without prior desiccation, for seeds entered a germinative/post-germinative proexample, Petunia axillaris and P. hybrida seeds (Petiot, gramme. This termination of developmental events in 1989), tomato seeds (Berry and Bewley, 1991) , Phaseolus the induced PG seeds was not permanent, however, vulgaris ( Walbot et al., 1972) and cotton (Ihle and Dure, and they could be re-induced by incubating the seeds 1969) embryos. Furthermore, seeds of precociously gerin ABA on Murashige and Skoog (MS) medium. If incubminating mutants (e.g. those of maize, Arabidopsis and ated on MS medium plus a low concentration of ABA, tomato) can germinate prior to maturation desiccation both developmental and germinative/post-germinative while still on their parent plants ( Koornneef and Jorna, events could be induced to coexist in the PG seeds 1982; McCarty, 1995) . This has raised the question as to up to the time of establishment of the seedlings.
whether both developmental and germinative events occur Control of the developmental and germinative/postsimultaneously in precociously germinating (PG) seeds germinative events in the seeds was influenced by the or whether developmental events must cease before gerenvironment in which they were developing, which minative ones can commence. could be mimicked by manipulating the nutritional Chinese cabbage (Brassica rapa ssp. Pekinensis) seeds status and ABA content in which the seeds were in are non-dormant or slightly dormant. Isolated developing contact.
seeds have a poor germination percentage and germination rate; after desiccation, seeds can achieve a high Key words: Abscisic acid, ABA, Brassica rapa, Chinese germination percentage although their germination rate storing seeds, remain high during seedling establishment and subsequently decline as the lipids are exhausted is slower than following after-ripening. However, a line of Chinese cabbage with precociously germinating (PG) (Carpenter and Beevers, 1959; Yamamoto and Beevers, 1960) . Thus, the increased amounts or activities of these seeds has been characterized (Ren and Bewley, 1998) . In a controlled growth room (26±1°C in the light and two enzymes can be used as markers of post-germination. In this study, by using known markers of development 20±1°C in the dark, with a 16 h photoperiod at 300 mmol m−2 s−1, PAR 400-700 nm, and 60% relative and of germinative/post-germinative events, which are predominantly associated with the major storage organs, humidity), this PG line and its counterpart non-PG line require the same length of time for flower production and the cotyledons, some of the cellular events have been investigated during the transition from development to seed development. During seed development, which takes 40 d after pollination (DAP) to be completed, precogermination of seeds in planta, or isolated seeds of the PG line of Chinese cabbage. It has been demonstrated ciously germinated seeds in the PG line start to appear at 17-20 DAP and peak at 36 DAP, with 18% of the that both developmental and germinative events can occur simultaneously in the same precociously germinating seeds undergoing precocious germination within the siliquae on the parent plant (referred to as in planta or in (PG) seed. The function of ABA and nutrients in maintaining this concurrence is also investigated. situ). If isolated and imbibed in water, within 30 d almost all of the developing seeds of the PG line germinate after 28 DAP, compared to less than 10% of those of the non-
Materials and methods
PG line isolated at 28 DAP. In Brassica species some cellular events occurring during the transition from develMaterials opment to germination have been investigated using A PG line (as stated above) of seeds of Chinese cabbage isolated embryos only (Finkelstein and Crouch, 1984;  (Brassica rapa ssp. Pekinensis) (Ren and Bewley, 1998 ) was used in this study. To avoid genetic diversities and less vigorous Bisgrove et al., 1995) . The discovery of this PG seed line in growth resulting from the enforced self-pollination of this has allowed an investigation to see if this transition occurs cross-pollination crop, the seeds were obtained after cross in seeds in planta, i.e. in seeds developing and germinating pollination of two inbred lines from the same descent, provided in situ within the siliquae.
by the Beijing Vegetable Research Center, Beijing, P.R. China.
In Chinese cabbage the major storage reserves in seeds are proteins and lipids. A seed-specific storage protein is Seed production defined as one synthesized during seed development, Plants of inbred lines were grown in a controlled growth room deposited in a protein body and mobilized after germinaat 26±1°C in the light and 20±1°C in the dark, with a 16 h photoperiod (300 mmol m−2 s−1, PAR 400-700 nm), and 60% tion to supply amino acids for early seedling growth relative humidity. Seeds were sown in Pro-Mix general purpose (Bewley and Black, 1994) . The seed storage proteins of growing medium (Premier Brands Inc., Quebec). After reaching Brassica species have been identified as a 12 S neutral the 5 expanded leaves stage, the seedlings were vernalized for glycoprotein-cruciferin (globulin), and a 1.7 S basic 30 d in a controlled growth chamber at 4±1°C, 8 h photoperiod protein-napin (albumin). Cruciferin consists of five poly-(200 mmol m−2 s−1, PAR 400-700 nm) and 90% relative humidity. After vernalization, plants were transferred back to the peptides with molecular weights between 20 000 and controlled growth room, and 40 d later they started bolting and 32 000 (Bhatty et al., 1968; Goding et al., 1970; flowering. Flowers of the maternal plants were hand-pollinated and Sussex, 1981; Crouch et al., 1985; Sjodahl et al., with pollens from the paternal plants. The flower bunches were 1991). Oleosins are proteins embedded in the half-unit covered with paper bags and tagged on the pollination dates membrane of oil bodies. They are synthesized during seed and 1 week after pollination the bags were removed. Plants were fertilized with Fogelsville, PA) maturation and are associated with the biogenesis of oil twice a month. In this growing condition, the seeds took 40 d bodies (van Rooijen et al., 1992) . Oleosins exist in a wide after pollination (DAP) to complete their development.
range of species and in Brassica they consist of two isoforms of 19 kDa and 23 kDa (Holbrook et al., 1991) .
Seed collection
Therefore, the synthesis of cruciferin and oleosin can be and the glyoxylate cycle in the glyoxysomes; isocitrate lyase and malate synthase are typical markers of this Seed imbibition and culture organelle (Cooper and Beevers, 1969; Polanowski and Seeds were sterilized with 1% sodium hypochlorite solution for Obendorf, 1991) . Activities of isocitrate lyase and malate moistened with 2 ml liquid in a 100 mm diameter×15 mm high Proteins were extracted by grinding the radiolabelled embryos in 500 ml SDS buffer (62.5 mM TRIS-HCl, pH 6.8, 2% SDS, Petri dish. In some experiments, sterilized seeds were cultured 10% glycerol ). The homogenized slurry was centrifuged for in MS culture medium (Sigma; Pierik, 1987) Protein gel electrophoresis was performed using an SDS-PAGE (Laemmli, 1970; Gifford and Bewley 1984) mini-gel To extract enzymes, 10 seeds were ground in 1 ml 0.2 M Nasystem (BioRad, Richmond, CA, USA). The resolving gel phosphate buffer (pH 7.0) at 4°C in a ground-glass homogencontained 12% acrylamide, 0.1% (w/v) SDS, 0.375 M Tris-base izer. The homogenate was centrifuged at maximum speed for (pH 8.8 ) and the stacking gel contained 4% acrylamide, 0.1% 15 min in a cooled Eppendorf centrifuge, and the resulting SDS, 0.125 M Tris-HCl (pH 6.8). The electrode buffer supernatant was assayed within 12 h or stored at −20°C for contained 2.5 mM Tris-base (pH 8.3), 19.2 mM glycine, 0.01% no more than 2 d.
SDS. Protein samples were diluted and reduced with SDS The isocitrate lyase activity assay depends on measurement extraction buffer plus 2% b-mercaptoethanol, heated at 95°C of an increase in optical density at 324 nm due to the formation for 5 min and loaded in each lane as an equal amount of of glyoxylic acid phenylhydrazone from glyoxylate, produced disintegrations per minute incorporated into proteins. After by isocitrate and phenylhydrazine (Cooper and Beevers, 1969) .
electrophoresis at 100 V constant voltage, gels were enhanced The reaction mixture, containing (in 1.2 ml ) 87 mM Kin DMSO-PPO (dimethyl sulphoxide-2,5-diphenyloxazole) soluphosphate buffer (pH7.0), 4.6 mM dithiothreitol, 8.7 mM tion, dried in vacuo and exposed to X-ray films ( Kodak XMgCl 2 , 10 mM phenylhydrazine, and 0.1 ml enzyme extract, OMAT RP). was equilibrated at 25°C for 5-10 min. The assay was initiated by the addition of 156 ml 0.1 M isocitrate (13 mM in the Preparation of cDNA probes mixture). The control experiments consisted of adding water instead of isocitrate substrate. The change in absorbance
The plasmids containing cDNAs for proteins cruciferin ( pC1) with time was read at 25°C at 324 nm using a DMS 80/90 and oleosin ( pC8) were kindly provided by Dr MM Moloney, UV-visible spectrophotometer ( Varian Techtron Ltd., Mulgrave, University of Calgary, Alberta, Canada (van Rooijen et al., Australia). The increase in optical density (O.D.) from 2-4 min 1992). The plasmids containing cDNAs for malate synthase after adding isocitrate, over the control value, was recorded.
( pbsMS1) and isocitrate lyase ( pbsIL9) were kindly provided Calculations were made assuming a molar extinction coefficient by Dr JJ Harada, University of California, Davis, CA, USA of 1.7×104 for the glyoxylate-phenylhydrazone complex at (Comai et al., 1989; Zhang et al., 1993) . All four cDNAs were originally isolated and cloned from Brassica napus. The cDNA-324 nm. One unit of enzyme activity was defined as that containing plasmids were dissolved in TE buffer (10 mM TRISwhich catalysed the formation of 1 mmol of glyoxylateHCl, pH 8.0, 1mM EDTA) and amplified by transformed into phenylhydrazone min−1 under assay conditions. competent cells XL1 Blue (E.coli ). Different endonucleases were The malate synthase activity assay depends on measuring an used for digestion of the plasmid DNAs containing the different increase in optical density at 412 nm due to the production of cDNA probes, i.e. Pst1 for the plasmids pC1, pbsIL9 and free sulphydryl-groups by the formation of CoA from acetylpbsMS1; NcoI for the plasmid pC8. The probe cDNA was CoA. Since DTNB (5,5∞-dithiobis-[2-nitrobenzoic acid ]) reacts isolated by electrophoresis in a 0.8% LMP ( low melting point) rapidly with sulphydryl groups to produce a yellow complex, agarose gel, purified by phenol, phenol-chloroform, chloroform this reaction is used for a direct photometric assay of the malate extraction, precipitated by 70% ethanol and redissolved in 10 synthase (Cooper and Beevers, 1969; Eccleston et al., 1996) . mM TRIS-HCl buffer (pH 8.0) (Sambrook et al., 1989) . The reaction mixture, containing (in 1.2 ml ) 77 mM TRIS-HCl buffer (pH 8.0), 7.7 mM MgCl 2 , 0.18 mM acetyl-CoA, and 0.1 ml enzyme extract, was equilibrated at 25°C for 5-10 min.
Total RNA extraction The assay was initiated by the addition of 120 ml 0.2 M Embryo total RNA was extracted as described previously glyoxylate (20 mM in the mixture) and 18 ml DTNB stock (Migge et al., 1996) , with modifications. Batches of 100 seeds solution (1.5 mM in the mixture). The control experiments were ground in liquid N 2 using a mortar and pestle. The fine consisted of adding water instead of glyoxylate. The change in powder was immediately transferred into a glass centrifuge tube absorbance with time was read at 25°C at 412 nm on a DMS containing 6 ml extraction medium (151 of phenol5100 mM 80/90 UV-visible spectrophotometer. The increase in O.D. from TRIS-HCl [pH 8.0], 1% [w/v] SDS, 100 mM LiCl, 10 mM 2-4 min after adding glyoxylate, over the control value, was EDTA), and vortexed for approximately 30 s. To each tube recorded. Calculations were made assuming a molar extinction was added 3 ml chloroform before being vigorously shaken for coefficient of 1.33×104 for the CoA at 412 nm. One unit of at least 60 s. After centrifuging for 10 min at 10 000 g at 4°C, enzyme activity was defined as that which catalysed the the upper phase was pipetted into a fresh tube and the lower formation of 1 mmol of CoA min−1 under assay conditions. phase discarded. An equal volume (about 3 ml ) phenol5chloro-form (151, v/v) was added to the upper phase and mixed by shaking to remove any remaining proteins from the extract, Analysis of protein synthesis followed by centrifuging. The upper phase was pipetted into a Newly synthesized proteins were radiolabelled in vitro by fresh tube and the RNA was precipitated by mixing with 1 ml incubating five freshly dissected embryos with 100 mCi 35S-8 M LiCl at 4,°C for at least 60 min. The precipitated RNA methionine (ICN, Mississauga, ON ) in 100 ml water for 3 h.
was collected by centrifugation for 15 min at 20 000 g at 4°C. Then the excess methionine was rinsed off five times with
The pellet was redissolved in 750 ml of DEPC (diethylpyrocardistilled water, the embryos blotted dry, frozen in liquid bonate)-treated water and once more mixed with an equal volume (750 ml ) of phenol5chloroform (151, v/v) to remove the nitrogen and stored at −80°C until extraction of proteins. remaining proteins. Following centrifugation, RNA in the upper ities increased greatly (Carpenter and Beevers, 1959;  phase was precipitated by 8 M LiCl, the pellet washed with Yamamoto and Beevers, 1960) . Therefore, the increased cold 70% ethanol, centrifuged again and dried in a SpeedVac.
activities of these two enzymes were used as markers of
The precipitated RNA was redissolved in 50 ml water containing germinative/post-germinative events. germinative ones in orthodox seeds ( Kermode, 1990) . occurring.
being exposed to X-ray film ( Kodak X-OMAT AR) at −80°C for about 20 h.
Results

Markers for developmental and germinative events
The proteins cruciferin and oleosin were analysed in Chinese cabbage seeds using non-denaturing and SDS-PAGE 2-dimensional protein electrophoresis and it was found that their molecular masses were almost same as in the other Brassica species (data not shown). Following fluorography of a gel containing 35S-methionine-labelled protein from developing seeds, the cruciferin bands at identified, hence were used as the markers of development.
(DAP). Seeds were removed from the siliquae, sterilized and imbibed
The activities of isocitrate lyase and malate synthase were in radioactive amino acid for 3 h. The same amount of radioactivity (50 000 dpm) was loaded in each lane. 
Precocious germination in excised developing seeds; effects on metabolism
Seeds incubated in water. More than half of the (nongerminated) developing seeds of the PG line of Chinese cabbage germinated within 2 d after being isolated from the parent plant at 28 DAP and placed on water. After 12 h of imbibition, the synthesis of cruciferin and oleosins was almost undetectable in these isolated and prematurely germinating non-dried seeds ( Fig. 3a) . This termination of cruciferin and oleosin synthesis also occurred in the dried developing seeds (Fig. 3b ) and mature dry seeds (Fig. 3c) , as would be expected since maturation drying is an event which generally switches off seed development and prepares the seed for germination upon imbibition in water ( Kermode, 1990) . The activities of isocitrate overlap between their presence in the seed. Thus, after isolation and imbibition in water, synthesis of storage reserves in developing seeds ceases; the seeds germinate Seeds incubated in MS medium. After isolation and incubation on MS medium, developing seeds at 28 DAP precociously and shift completely from developmental to germinative/post-germinative events. Termination of germinated as quickly as those imbibed in water. The developmental marker (synthesis of cruciferin and oleodevelopmental events in these induced PG seeds is similar to that in seeds which have undergone desiccation. sin) were still detected at incubation for 12 h and then became weaker, and undetectable when the radicle The transition in the induced PG seeds is different from that during PG in the siliquae, because, in the latter, reached 5 mm long (Fig. 6a) . Cruciferin mRNA was detectable until 12 h after isolation and transfer to MS developmental events are retained in germinated seeds. Therefore, some signals must be perceived by developing medium, whereas oleosin message was present until well after germination was completed before declining (Fig. seeds on the parent plant to continue developmental events in the PG seeds. Isolation from the parent plant 7). A low amount of message was still present after the radicle had grown 10 mm. The increase in isocitrate lyase and imbibition in water nullify these signals, resulting in termination of developmental events. and malate synthase messages was delayed in comparison Fig. 4 . Activities of isocitrate lyase and malate synthase in developing PG line seeds isolated and imbibed in water. Non-germinated seeds at 28 DAP were sterilized and imbibed in water in the dark at 25°C, and then collected for enzyme assay at different imbibition times or at different radicle lengths after germination. Data ±SE are an average of three replications of 10 seeds. on MS medium, the synthesis of cruciferin and oleosin could be detected only until 12 h of incubation, but not (Fig. 6b) ; loss of ability to synthesize these proteins PG line, isolated and imbibed in water. Non-germinated developing occurred even faster upon incubation of mature dry seeds seeds at 28 DAP were isolated, sterilized and imbibed in water at 25°C in the dark until germinated and grown radicle length was 10 mm.
( Fig. 6c) . It has been suggested that osmotic potential Total RNA was extracted from the seeds at different imbibition times has an effect on the maintenance of storage reserve or at different radicle lengths, and loaded on agarose gels in equal synthesis and the prevention of precocious germination amounts. mRNAs of cruciferin, oleosin, isocitrate lyase and malate synthase were detected by 32P-labelled probes pC1, pC8, pbsIL9, and of developing seeds ( Kermode, 1995) . Thus it was deterpbsMS1, respectively.
mined if prolongation of developmental events by the MS medium was due to its negative osmotic potential. By using a thermocouple psychrometer connected to a microto those 28 DAP seeds germinating on water ( Figs 5, 7) . This delay could be due to the presence of sucrose in the voltmeter (Dixon Instruments Co., Guelph, ON.), the osmotic potential of the MS medium was measured as MS medium, resulting in a feedback inhibition of synthesis of the enzymes of lipid mobilization by this product.
being only −0.55 MPa, which was much less negative than the developing seeds at 28 DAP (−1.75 MPa), as If the developing seeds were dried before being incubated Northern blot of two developmental and two germination/postgermination mRNAs in developing seeds after isolation and incubation on MS medium. Developing seeds at 28 DAP were isolated, sterilized and incubated in MS medium at 25°C in the dark. Total RNA was extracted from the seeds at different incubation times or at different radicle lengths, and loaded on agarose gels on an equal amount basis. measured immediately upon their removal from the siliquae. The lower negative osmotic potential of the MS medium cannot play a role in changing the mode of seed development or germination by imposing a water stress on the isolated developing seeds. Therefore, the results of this experiment imply that the nutrients or sucrose in the MS medium can prolong developmental events into justgerminated seeds following their isolation and transfer to MS medium. After desiccation, however, the supply of nutrients or sucrose has little or no effect in retaining developmental events during germination. was maintained during the first 24 h incubation (although weakly after 12 h), and then decreased; a little oleosin synthesis was still detectable after 2 d incubation (Fig.  8) . The developmental messages remained in abundance poor subsequent translation or processing, or that the stability of the transcripts is increased in a high-ABA for the first 24 h after isolation of the seed and placing on ABA, and while they then decreased, they were still environment even though they do not appear to be utilized. present after 96 h (Fig. 9) . Unexpectedly, there was accumulation of isocitrate lyase and malate synthase ABA alone appears able to maintain storage reserve synthesis for a while, but as far as the synthesis of the messages in the non-germinated seeds on ABA. A low amount of enzyme activity was detected (not shown), but marker proteins is concerned, for only about the same time as in the seeds on MS medium without ABA, which much lower than in those seeds isolated and incubated on water. It is possible that while there is transcription complete germination. The pattern of transcripts of the developmental and germinative/post-germinative markers of the genes for these enzymes, they are subjected to only were slightly different between the two treatments, with resulted in the synthesis of cruciferin and oleosin being maintained in germinated developing seeds for 48 h ( Fig.  cruciferin and oleosin messages being prolonged in the seed after isolation and exposure to ABA. When ABA 11), when the emerged root and hypocotyl were already about 20-25 mm long and the cotyledons were out of the (10−4 M ) and MS were combined in the same medium, the messages for the developmental proteins were maintesta, but not expanded. The synthesis of cruciferin and oleosin ceased by 72 h. Isocitrate lyase activity increased tained longer, and there was effective suppression of the expression of the germinative/post-germinative mRNAs greatly by 48 h after transfer of the seedlings to MS plus 10−6 M ABA ( Fig. 12) (malate synthase was not tested ). (Fig. 10) . Thus a combination of nutrients or sucrose and a relatively high concentration of ABA was the most Therefore, when induced PG seeds were incubated on MS medium plus 10−6 M ABA, developmental and gereffective treatment for maintaining isolated 28 DAP seeds of the PG line in a developmental mode, and these two minative events coexisted up to the time of establishment of the seedling. This coexistence was similar to that in components may mimic, or replace, signals which maintain developmental events in ovulo.
developing PG seeds on the parent plant.
Developmental and germinative/post-germinative events can coexist in seeds on MS medium with ABA Whereas MS medium plus a high concentration of ABA (10−4 M ) maintained developmental events in isolated 28 DAP seeds, and prevented germination, MS medium plus ABA at 10−6 M allowed seeds to germinate precociously, and these then grew into seedlings (with cotyledons expanded ) within 72 h. The possibility was tested as to whether developmental and germinative events coexisted using these latter conditions. Thus, developing seeds at 28 DAP were incubated on MS medium to induce PG; after germination (radicle 1 mm long), these seeds were transferred onto MS medium plus 10−6 M ABA. This Fig. 11 . Protein synthesis in isolated PG seeds incubated on MS medium plus 10−6 M ABA. Developing seeds at 28 DAP were isolated, sterilized and incubated on MS medium in the dark at 25°C to induce PG. After germination (1 mm radicle length), PG seeds were then transferred onto MS medium plus 10−6 M ABA and incubated for 4 more days. PG seeds on this medium were collected at different incubation times and introduced to radioactive precursor for 3 h. The same amount of radioactivity (50 000 dpm) was loaded in each lane. Labelling of the bands as in Fig. 1 .
Fig. 12.
Isocitrate lyase activity in developing PG seeds incubated on Fig. 10 . Northern blot analysis of accumulation of developmental and MS medium plus 10−6 M ABA. Developing seeds at 28 DAP were isolated, sterilized and incubated on MS medium in the dark at 25°C germinative/post-germinative mRNAs in developing seeds, isolated and incubated on MS medium plus ABA. Developing seeds at 28 DAP to induce PG. After germination (1 mm radicle length), PG seeds were transferred onto MS medium plus 10−6 M ABA and incubated for 4 were isolated, sterilized and incubated on MS medium plus 10−4 M ABA at 25°C in the dark for 96 h. Total RNA was extracted from the more days. Seeds on MS medium and on MS medium plus 10−6 M ABA were collected at different incubation times for enzyme assay. seeds at different incubation times, and loaded on agarose gels on an equal amount basis.
Data ±SE are an average of three replications of 10 seeds.
Developmental events can be resumed in germinated PG seeds
After developing Chinese cabbage seeds were isolated at 28 DAP and imbibed in water, PG was induced and seeds switched from a developmental to a germinative mode as far as protein synthesis, gene expression and enzyme activities were concerned. On the other hand, ABA inhibited germination and maintained storage reserve synthesis. The question addressed now is if PG seeds which have germinated in water, and transferred to ABA alone or ABA plus nutrient medium, can they resume developmental metabolism, even at the seedling stage? Developing seeds at 28 DAP were imbibed in water (for about 48 h) to induce PG, and then transferred to 10−4 M ABA alone; their subsequent protein synthesis patterns was investigated. The synthesis of cruciferin and oleosin did not resume in these seeds up to the time that the radicle had extended 10 mm (not shown). However, if developing seeds at 28 DAP were imbibed in water for 12 h, or germinated (up to the stage of a 1 mm long radicle), and then transferred to MS medium plus 10−4 M ABA, the result was different. By 12 h of imbibition in water, the synthesis of cruciferin and oleosin ceased; but after transfer of the seeds to the MS medium plus ABA the synthesis resumed within 12 h and continued for more than 5 d ( Fig. 13a) . Similarly, PG seeds germinated on (1 mm radicle length) (b), and then were incubated on MS medium than after an initial 12 h of imbibition on water (Fig. 13b) . Maturation desiccation irreversibly terminates the seed concurrence of these events in seeds in planta have been developmental programme and promotes expression of demonstrated and some possible environmental factors of those genes which are involved in germination and seedling the maternal plant which may maintain this concurrence growth ( Kermode and Bewley, 1985; Bewley and Black, mimicked by using a newly characterized PG seed line. 1994). Because PG seeds do not undergo desiccation before
The results seem to contradict the idea that the developgermination, it might be expected that the physiological mental and the germinative programmes are mutually events occurring during this later process are different from exclusive, with a simple 'switch' controlling the entire suite those in seeds germinated after maturation desiccation.
of characteristics of each programme ( Kermode, 1990 , Indeed, when a developing seed of Chinese cabbage ger-1995). Experimental data (Bisgrove et al., 1995) suggest minates precociously on the parent plant, developmental that these concurrent developmental and germinative storage protein synthesis continues and increased activities events do not occur in the same parts of the seed at the of isocitrate lyase and malate synthase, which are enzymes same time, but are segregated spatially and temporally. In involved in post-germinative events, are also apparent.
other words, when both events are present simultaneously Therefore, if the seed does not undergo desiccation, gerin a precociously germinated embryo, they are confined to mination occurs, but developmental events continue. The different organs. This study was not designed to probe this existence of developmental events in PG seeds has been point further. However, there are substantial differences also reported in PG mutant lines of Arabidopsis (Meurs between this study and that of Bisgrove et al. (Bisgrove et al., 1992) , maize ( Kriz et al., 1989 ( Kriz et al., , 1990 ( Kriz et al., ) and synthesized et al., 1995 . Firstly, this study incorporated the use of Brassica carinata (Sarla, 1990) .
developing and germinating seeds in the siliquae, which The simultaneous occurrence of developmental and gergrew slowly after germination therein, in contrast to the minative/post-germinative events has been reported in in isolated embryos placed in a culture medium used in the vitro-cultured germinated embryos or even early seedlings of Brassica napus (Finkelstein and Crouch, 1984) . The latter study, which grew rapidly after isolation. This study shows that isolated embryos respond differently in differ-1987). These authors reported that the nutrients are not essential for the induction of storage protein synthesis, ent culture media, and also differently from in planta, especially in a temporal manner. Defined cDNA markers but that they have a stimulating effect. In isolated developing alfalfa seeds, a nutrient medium maintained storage of germination/post-germination events were also used which, like the developmental markers, are for events protein synthesis in the presence of ABA ( Xu and Bewley, 1995) . that are predominantly related to storage events in the cotyledons, which account for the major mass of the The seeds of this Chinese cabbage PG line germinate on 10−6 M ABA and thereafter they maintain the synembryo during development and germination/growth, until the hypocotyl extends. The germination/postthesis of storage proteins if incubated in MS medium plus 10−6 M ABA, which appears to simulate the ambient germination cDNA markers used by Bisgrove et al. (Bisgrove et al., 1995) are undefined; in addition it took environment of developing seeds. In this environment, PG seeds simultaneously undertake developmental and very much longer exposure times for these to be detected than the storage protein synthesis markers which are germinative/post-germinative events until the cotyledon is expanded. symptomatic of development, which is suggestive of their low abundance. In contrast, the efficacy of the developIf the environment of the developing seed is made unsuitable for the continuation of this process, for mental and germination/post-germination markers used in this study was very similar. Thus, while the possibility example, the seeds are isolated and imbibed in water, endogenous ABA diffuses out and the nutrient source is of the developmental and germinative/post-germinative events occurring concurrently in different regions of the removed. Under these conditions, PG seeds no longer can synthesize storage reserves. But this termination is same seed cannot be ruled out, the possibility remains to be tested that they are occurring in different areas of the not final, because the capacity of the seeds to synthesize storage proteins can resume after their transfer to MS same main storage organ, the cotyledons.
When a Chinese cabbage seed is isolated during develmedium plus ABA. However, ABA alone cannot restore this developmental synthesis. opment or at the maturation stage, and imbibed in water, PG is induced. As in the germinating mature dry seed, This study illustrates that developmental and germinative/post-germinative events coexist in planta within the developmental events terminate and germinative/postgerminative events proceed, even though the seed does same PG seeds of the Chinese cabbage PG seed line. The synthetic pattern in PG seeds is influenced by its immedinot undergo desiccation. In other words, developmental and germinative events do not occur simultaneously in ate environment and can be maintained by the supply of nutrients and appropriate amount of ABA. water-imbibed PG seeds. It seems that isolation of the developing seeds from the parent plant has a similar effect to desiccation in switching seed metabolism from a devel-
